Nuclear factor E2-related factor 2 (Nrf2) is considered a promising target against diabetic complications such as cardiovascular diseases and diabetic nephropathy. Herein, we investigated the effects of a potential Nrf2 modulator, salvianolic acid A (SAA), which is a natural polyphenol, on diabetes-associated macrovascular and renal injuries in streptozotocin-induced diabetic mice. Given that lowering glucose is the first objective of diabetic patients, we also examined the effects of SAA combined with metformin (MET) on both complications. Our results showed that SAA significantly increased the macrovascular relaxation response to acetylcholine and sodium nitroprusside in diabetic mice. Interestingly, treatment with SAA alone only provided minor protection against renal injury, as reflected by minor improvements in impaired renal function and structure, despite significantly reduced oxidative stress observed in the diabetic kidney. We demonstrated that decreased oxidative stress and NF-B p65 expression were associated with SAA-induced expression of Nrf2-responsive antioxidant enzymes heme oxygenase-1 (HO-1), NAD(P)H dehydrogenase (quinone) 1 (NQO-1), and glutathione peroxidase-1 (GPx-1) in vivo or in vitro, which suggested that SAA was a potential Nrf2 modulator. More significantly, compared with treatment with either SAA or MET alone, we found that their combination provided further protection against the macrovascular and renal injury, which was at least partly due to therapeutic activation of both METmediated AMP-activated protein kinase and SAA-mediated Nrf2/antioxidant-response element pathways. These findings suggested that polyphenol Nrf2 modulators, especially combined with drugs activating AMP-activated protein kinase, including hypoglycemic drugs, are worthy of further investigation to combat diabetic complications.
To date, diabetes-associated complications, especially cardiovascular and chronic renal diseases, remain a tremendous threat to a diabetic patient's survival and quality of life despite the use of currently available therapies. It is known that oxidative stress and chronic systemic inflammation are common pathogenic mechanisms of cardiovascular and chronic renal diseases (1, 2) . With oxidative stress and chronic systemic inflammation inseparably interconnected, inhibiting oxidative stress was theoretically an effective strategy to delay diabetesrelated macrovascular and renal diseases.
The prevention of oxidative stress and inflammation can be achieved through activating the nuclear factor E2-related factor 2 (Nrf2)/antioxidant-response element (ARE) 2 signaling pathway, which is known to play a pivotal role in the up-regulation of cellular antioxidant enzymes such as heme oxygenase-1 (HO-1), glutathione peroxidase-1 (GPx-1), and NAD(P)H dehydrogenase (quinone) 1 (NQO-1) (3, 4) . Currently, a number of small molecule modulators of Nrf2 have been identified (5) , and some of them, such as triterpenoid derivatives bardoxolone methyl and its analogs, have been shown to improve renal or vascular injuries in diabetic rodent models in phase 2 clinical trials (6 -9) . Recently, however, bardoxolone methyl therapy, after the phase 3 clinical trial, did not reduce the risk of endstage renal disease or death from cardiovascular causes, but instead it increased the rate of cardiovascular events (10) , which thus presented a challenge of Nrf2 modulators, especially triterpenoid derivatives, in the therapy of diabetic renal and cardiovascular complications. Accordingly, the investigation of the effects of therapeutic activation of the Nrf2/ARE pathway by other Nrf2 modulators on both complications was necessary.
Salvianolic acid A (SAA), a polyphenol derivative extracted from the root of Salvia miltiorrhiza, is known to show a variety of pharmacological activities, including antioxidant (11) (12) (13) , anti-inflammatory (14, 15) , and antiplatelet properties (16, 17) .
Specifically, SAA's antioxidant mechanism has attracted significant attention. A recent study showed that SAA alleviated H 2 O 2 -mediated oxidative stress via activation of Nrf2/HO-1 signaling (18) , suggesting that SAA might be a potential Nrf2 modulator.
Currently, the effects of several Nrf2 modulators on diabetic complications were studied in diabetic animal models without consideration of lowering glucose (6, 19, 20) , which is the first choice for diabetic patients. Thus it might be more significant for clinical reference to observe efficacy of tested drugs when combined with a hypoglycemic drug in diabetic animal models. Metformin (MET), an oral hypoglycemic agent, is widely used in patients with type 2 diabetes. Interestingly, MET has recently been shown to attenuate diabetic nephropathy and atherosclerosis in streptozotocin (STZ)-induced diabetic mice (21, 22) . Additionally, MET treatment lowered blood glucose levels in STZ-induced diabetic animals (23, 24) . In view of this, we investigated the effects of SAA alone or combined with MET on diabetic macrovascular complication and diabetic nephropathy in STZ-induced diabetic mice.
Our results indicated that SAA significantly improved macrovascular injury, but only made minor improvements in diabetic renal injury. Furthermore, we found that SAA combined with MET further improved both complications. In addition to SAA action, further improvements from their combination might be the consequence of MET-mediated lowering glucose or AMP-activated protein kinase (AMPK) activation by which MET has shown protection against chronic renal and cardiovascular diseases (25) (26) (27) . In addition, we provided in vivo and in vitro evidence that SAA was a natural polyphenol Nrf2 modulator, which confirmed the previous result in cell-based experiments (18) .
Results
General Parameters of Diabetic Mice-Compared with nondiabetic mice, all diabetic mice showed significantly decreased body weights with significantly increased food and water intake regardless of treatment. SAA and MET had no effect on food and water intake and body weights; however, their combination mildly reduced food and water intake of diabetic mice although it did not reach statistical significance (Table 1) . Serum triglyceride (TG) and total cholesterol (CHO) levels in vehicle-treated diabetic mice were significantly increased. Treatment with SAA alone or in combination with MET almost completely recovered serum TG and total CHO to normal levels. Although MET therapy also showed a trend toward mildly decreasing serum TG and CHO in diabetic mice, this decrease fell just short of statistical significance. Malonaldehyde (MDA), a marker of lipid oxidation, was markedly increased in diabetic mice. SAA and its combination therapy significantly reduced the MDA level, whereas MET had a minor effect on MDA in diabetic mice (see Table 1 ).
Macrovascular Function in Diabetic Mice-In diabetic ICR mice, aorta relaxation to the endothelium-dependent acetylcholine (ACh) was greatly decreased, up to ϳ30% relaxation compared with non-diabetic mice. Impaired endothelial function was partially recovered after treatment with SAA, MET, or a combination, and the combination treatment showed the biggest extent of recovery with the curve closest to that of nondiabetic mice, then followed by SAA treatment. Additionally, relaxation to the endothelium-independent SNP was partially impaired in diabetic mice, and therapy with all drugs provided a nearly complete recovery of relaxation ( Fig. 1A ). Furthermore, the artery structure showed that the local vascular wall of the diabetic mice became thin, with numerous lipid deposition compared with non-diabetic mice ( Fig. 1B ). Treatment with SAA or combined with MET improved impaired vascular structure.
VCAM-1 and HO-1 Expression in High Glucose-treated Human Umbilical Vein Endothelial Cells-Pro-inflammatory cytokines also play an important role in diabetic vascular damage in addition to oxidative stress. In human umbilical vein endothelial cells (HUVECs) treated with high glucose (25 mM), we examined the effects of SAA, MET, and their combination on vascular cell adhesion protein 1 (VCAM-1), a pro-inflammatory cytokine that functions in leukocyte-endothelial cell signal transduction. The result indicated that the expression of VCAM-1 was significantly increased in high glucose (HG)treated HUVECs compared with normal glucose (NG)-treated cells. SAA treatment reduced VCAM-1 expression in HGtreated HUVECs (Fig. 2, A and B) . Given that up-regulation of Nrf2-mediated HO-1 was known to inhibit VCAM-1 expression in vascular disease (28, 29) , HO-1 up-regulation caused by SAA (Fig. 2 , A and C) was a possible mechanism underlying the decreased VCAM-1 expression. In addition, MET also mildly reduced VCAM-1 expression, but it had no effect on HO-1 expression (see Fig. 2 , A-C). Combined treatment further reduced VCAM-1 expression.
Kidney Function and Structure in Diabetic Mice-Compared with non-diabetic mice, proteinuria was strikingly increased in diabetic mice. Proteinuria levels in diabetic mice were reduced 
Effects of SAA, MET, or their combination on general parameters of STZ-induced diabetic mice at conclusion of a 21-week study
The following abbreviations are used: ND, nondiabetic mice; D, diabetic mice; D ϩ MET, diabetic mice treated with metformin; D ϩ SAA, diabetic mice treated with SAA; D ϩ MET ϩ SAA, diabetic mice treated with SAA combined with metformin. TG, triglyceride; CHO, cholesterol; MDA, malonaldehyde. Data are mean Ϯ S.D. n ϭ 6 -12 per group. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 versus ND; #, p Ͻ 0.05; ##, p Ͻ 0.01 versus D; ␥, p Ͻ 0.01 versus D ϩ MET. in all therapeutic groups, with SAA in combination with MET indicating the greatest reduction. SAA treatment revealed a trend toward a decrease in diabetic mice despite no significance ( Fig. 3A) . Similarly, left and right kidney indices revealed a trend toward a significant increase in diabetic mice. This trend was mitigated after treatment with MET or SAA in combination with MET. However, SAA treatment had no significant effect on this trend (Fig. 3 , B and C). Similar results in glomerular size were observed ( Fig. 3E ).
ND
In glomeruli, the percentage of the periodic acid-Schiff (PAS)-stained area, which was indicative of mesangial matrix expansion, was increased compared with non-diabetic mice (Fig. 3 , D and F). In comparison with vehicle-treated diabetic mice, the PAS-stained area was reduced in all diabetic mice that received SAA or MET therapy either alone or in combination; however, only the combination therapy reached statistical sig-nificance ( Fig. 3F) . Similarly, the glomerulosclerosis index (GSI) also revealed a trend toward an increase in diabetic mice ( Fig. 3G ). This trend was also alleviated after receiving SAA or MET treatment either alone or in combination, and the combination therapy resulted in the greatest reduction in diabetic mice.
Renal Fibrosis in Diabetic Mice-In line with increased GSI in the diabetic kidney, collagen deposition as shown in Masson's trichrome staining (Fig. 4A , top panel) was significantly increased compared with a normal kidney. This was also reflected by increased collagen I and ␣-SMA expression, which was evaluated by immunohistochemistry ( Fig. 4, A and B) . Treatment with SAA or MET alone slightly decreased collagen deposition, collagen I, and ␣-SMA; however, SAA treatment in combination with MET significantly decreased these three indicators, which explained improved renal function and struc- ture in diabetic mice treated with SAA in combination with MET.
Oxidative Stress and Antioxidant Enzyme Expression in the Kidney-Nitrotyrosine (NT), a marker of reactive nitrogen species-induced nitrative stress, was significantly increased in both the renal tubules and glomeruli in STZ-induced diabetes compared with non-diabetic mice ( Fig. 5 , A-C). Similarly, the fluorescence of dihydroethidine (DHE), a cell-permeable probe that is often used to monitor superoxide (O 2 . ) production, increased ϳ2-fold in diabetic mice (Fig. 5 , A and D). Treatment with SAA or SAA in combination with MET significantly reduced both the NT level and DHE fluorescence. Although MET therapy also revealed a decreased trend in the NT-stained area, it did not reach a significant difference compared with vehicle-treated diabetic control. Furthermore, MET therapy had no effect on DHE fluorescence in the diabetic kidney (see Fig. 5 , A and D). These data suggested that SAA, and not MET, significantly attenuated oxidative stress in STZ-induced diabetic mice with SAA treatment or a combination. The protein level of NADPH oxidase 4 (NOX-4), which is an important source of reactive oxygen species (ROS) formation in renal pathogenic conditions (30) , was also examined in our study. The results revealed that the kidney's NOX-4 expression was significantly increased in diabetic conditions compared OCTOBER 14, 2016 • VOLUME 291 • NUMBER 42
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with non-diabetic mice. NOX-4 expression was significantly decreased after treatment with SAA alone or in combination with MET. Nevertheless, NOX-4 expression was not obviously changed in diabetic mice with MET treatment alone (Fig. 5E ).
The expressions of Nrf2-mediated anti-oxidative enzymes, including HO-1, NQO-1, and GPx-1, were significantly increased in the diabetic kidney when treated with SAA alone or in combination with MET. However, MET therapy alone had almost no effect on these enzymes ( Fig. 5 , F-H). Altogether, these findings suggested that SAA-induced reduction of oxidative stress was linked to the up-regulation of anti-oxidative enzymes.
Renal Inflammation in Diabetic Mice and Survival of Diabetic Mice-Inflammatory cell infiltration in the diabetic kidney was visualized using hematoxylin and eosin (H&E) stain ( Fig. 6A, left panel) , with significantly increased inflammatory cell infiltration observed in diabetic mice compared with normal mice (Fig. 6B ). Consistent with this, Ly6G, a granulocyte marker, was also markedly increased in the diabetic kidney ( Fig.  6 , A, right panel, and C). Similarly, NF-B p65 and monocyte chemoattractant protein-1 (MCP-1) levels were elevated in the diabetic kidney ( Fig. 6 , D and E). Treatment with SAA or MET alone mildly reduced inflammatory cell infiltration, Ly6G-positive cells, NF-B p65, and MCP-1 levels, but they fell out of statistical significance. However, combined therapy with SAA and MET significantly reduced these indicators (see Fig. 6 , D and E). These results suggested that SAA treatment in combination with MET reduced diabetic renal tubulointerstitial inflammation, possibly in a synergistic manner.
One hundred and forty days after STZ treatment, the survival of the diabetic mouse that received no therapy significantly decreased to less than 40%. SAA and MET therapy delayed the death of the diabetic mouse but did not show a significant advantage of survival compared with vehicle-treated groups. However, SAA and MET in combination significantly increased the survival of the diabetic mouse ( Fig. 6F ).
Combination of SAA and MET Inhibited HG-induced Harmful Effects in Human Kidney-2 Cells by MET-mediated AMPK
Activation and SAA-induced Antioxidant Enzyme-To support the previous in vivo results, HK-2 cells in HG conditions were treated with SAA, MET, or a combination of both. In addition to lowering glucose action, MET is known to protect cells from HG-induced damage through several mechanisms (26, (31) (32) (33) , most of which were mainly due to the activation of AMPK. Thus, we first examined the effect of MET on p-AMPK␣. Our findings showed that MET significantly increased p-AMPK␣ expression in diabetic kidneys (Fig. 7A) . Similarly, p-AMPK␣ expression was markedly increased in HG-exposed HK-2 cells treated with MET ( Fig. 7B ). In contrast, SAA induced antioxidant enzyme HO-1 up-regulation in HK-2 cells (Fig. 7C ). Not surprisingly, we observed significantly increased p-AMPK␣ and HO-1 expression in HK-2 cells treated with SAA in combination with MET (see Fig. 7 , B and C).
Consistent with the reported findings that activation of AMPK or the Nrf2/ARE pathway reduced HG-induced harmful effects in several types of cells (34 -36) , our results showed that treatment with SAA, MET, and their combination reduced increased expression of NF-B p65 and ␣-SMA in HG-exposed HK-2 cells, with the biggest decrease observed in SAA treatment in combination with MET ( Fig. 7D) . Similarly, HG-induced ROS in HK-2 cells, which was assessed by DHE and 2Ј,7Јdichlorofluorescin diacetate (DCFH-DA), was significantly reduced by SAA treatment alone and in combination with MET ( Fig. 7E ). MET mildly reduced increased ROS, although there was a lack of statistical significance ( Fig. 7E) . These findings suggested that SAA treatment in combination with MET was helpful in further improving HG-induced injury, which partially supported our in vivo results.
SAA-induced Down-regulation of NF-B p65 Expression and ROS Level
Depended on Nrf2 in HG-exposed HK-2 Cells-We explored nuclear translocation of Nrf2 in HK-2 cells to deter-mine whether SAA-induced HO-1 up-regulation was associated with Nrf2 activation. As shown in Fig. 8A , SAA promoted nuclear accumulation of Nrf2 from cytoplasm, basically in a dose-dependent manner. This result was further confirmed in the Nrf2 DNA binding assay, which showed that ARE-driven luciferase activity response to Nrf2 binding was increased by SAA treatment (Fig. 8B) . These findings suggested that SAA does activate the Nrf2/ARE pathway, subsequently leading to HO-1 up-regulation. 
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Next, to determine whether Nrf2 was required for SAA protection from HG-induced harmful effects, Nrf2 small interfering RNA (siRNA) was used to silence Nrf2 expression in HK-2 cells. As shown in Fig. 8C , Nrf2 siRNA reduced Nrf2 expression by ϳ70% in the SAA-treated cells, which resulted in downregulation of HO-1 expression. This result suggested that SAAinduced activation of the Nrf2/ARE pathway was prevented by Nrf2 siRNA. Accordingly, SAA-induced inhibition of NF-B p65 was partly reversed in HG-exposed HK-2 cells treated with Nrf2 siRNA. HG-induced ROS formation was also restored by Nrf2 siRNA in HG-exposed HK-2 cells with SAA treatment (Fig. 8D) . These findings suggested that SAA protection from HG-induced injury depended on Nrf2.
Discussion
SAA in this study activated Nrf2-mediated HO-1 expression in HK-2 and HUVEC cells, as judged by assays of ARE luciferase activities, Nrf2 nuclear translocation, and Nrf2 siRNA. This was in agreement with a previous report showing that SAA prevented H 2 O 2 -induced oxidative injury by up-regulating Nrf2mediated HO-1 expression (18) . Furthermore, our findings in the diabetic mice showed that SAA induced the expression of antioxidant enzymes HO-1, GPx-1, and NQO-1. These findings suggested that SAA, a natural polyphenol derivative, was a potential Nrf2 modulator. In fact, many other natural polyphenols, such as resveratrol and epigallocatechin gallate, have also proven to be potential Nrf2 modulators (37) . The common mechanism underlying induction of Nrf2 nuclear translocation among these polyphenols might be their ability to interact with cysteine residues present in Keap1 (37, 38) .
In our previous study, SAA improved diabetes-associated vascular damage in diabetic rats (39) . Similarly, this study again showed that SAA significantly alleviated the impairment of vascular relaxation response to ACh and SNP in diabetic mice, OCTOBER 14, 2016 • VOLUME 291 • NUMBER 42
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which was possibly associated with significantly decreased serum MDA, TG, and total CHO. Furthermore, SAA inhibited VCAM-1 expression in HG-treated HUVECs possibly by the mechanism underlying the up-regulation of HO-1. These findings supported the improvement of SAA in diabetic macrovascular injury. Additionally, a recent study showed that resveratrol, another polyphenol derivative with the ability to activate the Nrf2/ARE pathway (40) , also exerted beneficial effects on diabetic vascular damage (41) . Taken together, these findings supported the concept that polyphenol Nrf2 modulators are promising candidates for preventing or delaying diabetic macrovascular injury. However, SAA treatment just mildly improved renal function and structure in diabetic mice, which was somewhat discordant with the significant improvements in macrovascular dysfunction. This was reflected by minor improvement in the rate of urinary protein to creatinine, kidney index, glomerular size, and the extent of the mesangial matrix expansion, glomerulosclerosis, and renal fibrosis. Interestingly, oxidative stress in the diabetic kidney was significantly reduced after SAA treatment, with restoration to an almost normal level as observed in non-diabetic mice, as judged by significantly decreased NT level and DHE fluorescence intensity in the kidney via induction of several antioxidant enzyme expressions.
Recently, two studies (20, 42) thought that harmful or no effect of the Nrf2 inducer dh404 on diabetic renal damage resulted from off-target effects of high dose dh404, which led to increased NF-B and MCP-1 expression, although oxidative stress significantly decreased (20) . However, this was not an appropriate explanation in our study because 3 mg/kg SAA did not increase NF-B and MCP-1 expression, but instead reduced their expression despite a lack of statistical significance. For minor improvements observed in this study, we thought that a more possible explanation was complex pathogenic mechanisms of diabetic nephropathy. In addition to oxidative damage, high blood glucose itself and the other factors that resulted, such as hypertension, metabolism disorders, and energy dysfunction (43, 44) , were also important contributors to diabetic nephropathy, which was likely associated with the multiple cell types and the various physiological roles in the kidney (44) . In fact, in several published studies, diabetic animals receiving Nrf2 modulators showed obvious renal injury despite significant improvements observed in comparison with vehicle-treated diabetic mice (6, 20) . Taken together, these findings suggested that the efficacy of Nrf2-mediated antioxidant therapy alone was limited in preventing or delaying diabetic renal injury.
Therefore, Nrf2 modulator therapy combined with different mechanism-based drugs might be a better strategy to prevent diabetic renal disease. Given that high blood glucose is the source of the onset and progression of diabetic complications and glycemic control is always the first choice for diabetic patients, we thus examined the effects of SAA combined with MET on macrovascular and renal injury in diabetic mice. It should be pointed out that although MET was used in the treatment of patients with type 2 diabetes, it lowered blood glucose in animals with STZ-induced type 1 diabetes (23), which was involved in decreased hepatic glucose production, increased peripheral glucose disposal, and reduced intestinal glucose absorption. In line with this, MET lowered HbA1c and decreased insulin dosage in teens with type 1 diabetes (45). Thus, it was reasonable to use MET treatment in our study. We found that MET treatment alone, as a reference in this study, only mildly improved the renal injury in the diabetic mouse, which still showed severe injury. Similar results were observed in the vascular relaxation response to ACh. The results were reasonable because the blood glucose remained high, about 15 mM, although MET significantly reduced the level in the diabetic mouse.
As expected, SAA combined with MET improved the renal injury and was superior to that of SAA or MET alone, which was reflected in the extent of improvements in renal function, mesangial matrix expansion, glomerulosclerosis, and interstitial fibrosis observed in the combined therapy group. Glomerulosclerosis, which is caused by accumulation of extracellular matrix, is an important factor contributing to progression of diabetic nephropathy to end-stage kidney disease (58) . It is known that hyperglycemia results in increased advanced glycation end product, oxidative stress generation, and expression of TGF-␤1 and ␣-SMA, which subsequently leads to enhanced extracellular matrix production via a number of signaling pathways (58 -60) . In this study, treatment with SAA and MET combination significantly reduced mesangial matrix expansion, GSI, and collagen I in STZ-induced diabetic mice, which was thus linked to decreased oxidative stress and ␣-SMA expression. Consistent with this, we found that treatment with the combination of SAA and MET markedly reduced oxidative stress ␣-SMA expression in HG-exposed HK-2 cells. These findings suggested that the improved glomerulosclerosis was at least partly associated with reduced oxidative stress and ␣-SMA expression.
Similarly, the curve of the vascular relaxation response to ACh in diabetic mice treated with this combination was the closest to that of normal mice. Furthermore, after 18 weeks of therapy, this combination significantly increased the survival rate of the diabetic mouse compared with the vehicle-treated group, whereas SAA or MET alone had no significant effects on the survival rate.
On the one hand, we thought that the efficacy of SAA combined with MET was the consequence of reduced oxidative stress and inflammation resulting from SAA treatment as discussed previously. On the other hand, MET's glucose-lowering action was a likely contributor to the further improvement of the combination-treated group's complications, given the fact that glycemic control decreased the risk of complications in patients with diabetes (46, 47) . It should be noted that the improvement that resulted from MET might also be linked to non-glucose-lowering mechanisms, most of which are known to be associated with AMPK activation (48, 49) . AMPK, as a major cellular energy sensor, plays a positive role in diabetes-associated complications (50, 51) . Recently, AMPK activation has been shown to reduce HG-induced ␣-SMA expression by inhibiting nuclear translocation of Smad4 (60) . Similarly, we showed that MET activated AMPK in diabetic mice and HGinduced HK-2 cells, which resulted in the reduction of ␣-SMA and NF-B p65 expression. This partly explained the improvement of STZ-induced diabetic renal injury. Importantly, METmediated activation of AMPK and SAA-mediated activation of the Nrf2/ARE pathway further improved the diabetic renal kidney. Obviously, the different mechanisms between SAA and MET ( Fig. 9 ) are likely to be the key reasons for further improvements in both complications. Our study thus supports the notion that therapeutic activation of both the AMPK and the Nrf2/ARE pathway might be a good strategy to improve diabetic nephropathy.
In conclusion, our findings indicated that SAA was a natural polyphenol Nrf2 modulator that induced Nrf2-mediated expression of antioxidant enzymes in vitro and in vivo. SAA showed marked protection against STZ-induced diabetic macrovascular injury. However, SAA showed only minor improvements in the renal injury, which we believe resulted from the other pathogenic mechanisms of diabetic nephropathy in addition to oxidative stress. Along with this notion (i.e. that combination therapy based on different mechanisms might be a better strategy to further prevent the disease), we showed that SAA combined with MET further improved both complications. Collectively, we believe that therapeutic induction of Nrf2 is effective in preventing diabetes-associated macrovascular complications, but to achieve further improvements, Nrf2 modulators combined with drugs that activate AMPK might also need to be considered, especially in diabetic nephropathy.
Experimental Procedures
Drugs and Chemicals-SAA (HPLC, 98%) was provided as a lyophilized powder by the Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking Union Medical College (Beijing, China). MET hydrochloride was purchased from Sino-American Shanghai Squibb Pharmaceuticals Ltd. (Shanghai, China). STZ, phenylephrine, SNP, and ACh were obtained from Sigma. All other chemicals were of analytical grade.
Animals-Five-week-old male ICR mice were obtained from Vital River Laboratory Animal Center (Beijing, China). The animals were housed under a 12-h light/dark cycle at a temperature of 22 Ϯ 3°C and humidity of 55 Ϯ 5% with free access to food and water for 7 days before the experiment. All procedures using animals were approved by the animal care and use committee of the Institute of Materia Medica, Chinese Academy of Medical Sciences.
Preparation of Diabetic Animals-Diabetes was induced by intraperitoneal injections of STZ at 100 mg/kg/day on 2 consecutive days (20) . Control mice received an equal volume of vehicle (citrate buffer, 0.01 mol/liter, pH 4.5). Diabetes in mice was confirmed 21 days after STZ injection by fasting blood glucose measurement with an ACCU-CHEK active glucometer (Roche Applied Science, Hoffmann, Germany).
Diabetic mice were randomly subdivided to be gavaged with either saline, 3 mg/kg SAA, 200 mg/kg MET, or 3 mg/kg SAA ϩ 200 mg/kg MET for 18 weeks. Age-matched normal mice received an equal volume of saline. Body weights, food and water intakes, and blood glucose were determined weekly during the entire study. Mice were killed at 18 weeks after drug treatment. Collected plasma and urine were stored at Ϫ80°C. Plasma TG and total CHO were determined with a commercially available enzyme kit (BioSino Bio-technology & Science Inc., Beijing, China). MDA in serum was determined according to the previously described method (52) using a thiobarbituric acid assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Isometric Tension Studies-Endothelial dysfunction was assessed as described previously (39, 53, 54) . Briefly, the thoracic aortas isolated from the mice were cut into 2-mm-long circular segments and mounted between two stainless steel hooks in the bath chambers, which contained 8 ml of K-H solution (118 NaCl, 4.7 KCl, 1.5 CaCl 2 , 25 NaHCO 3 , 1.1 MgSO 4 , 1.2 KH 2 PO 4 , and 5.6 glucose in mM) at 37°C and gassed with 95% O 2 and 5% CO 2 for the measurement of isometric tension with a force displacement transducer connected to a BIOPAC polygraph (MP100A, BIOPAC Systems, Inc., Goleta, CA). After a 45-min equilibration with a resting tension of 1.2 G, rings were stimulated twice by high KCl (60 mM) solution and then equilibrated for 15 min in K-H solution. Subsequently, the aortic rings were contracted by phenylephrine (10 Ϫ6 M) and then relaxed by ACh (10 Ϫ8 to 10 Ϫ5 M) and the NO donor SNP (10 Ϫ10 to 10 Ϫ7 M). Additionally, the left thoracic aortas were cut into several sections fixed into 4% paraformaldehyde for H&E staining. Sections were imaged under a Nikon Eclipse Ti-U fluorescent microscope and assessed by a pathologist from Beijing Bsea Biotechnology Co., Ltd.
Kidney Function and Histological Assessment-The urinary protein-to-creatinine ratio was measured using a commercial kit (BioSino Bio-technology & Science Inc., Beijing, China). Kidney paraffin sections were stained with PAS and Masson's trichrome. PAS-stained sections were used to assess glomerular injury using Image-Pro Plus version 6.0, which was expressed as a percentage of PAS-stained area per glomerulus. The glomerulosclerosis index was graded on a scale of 0 to 4 according to the PAS-stained area in each of the assessed glomeruli; a score of 0 was assigned to normal glomeruli, 1 for up to 25% involvement, 2 for up to 50%, 3 for up to 75%, and 4 for greater than 75% sclerosis. The glomerulosclerosis index was calculated as GSI ϭ ((1 ϫ N 1 
where N x represented the number of glomeruli with each given score (55) .
Renal Inflammation Assessment-Renal interstitial inflammation was assessed by H&E staining and imaged under the Nikon Eclipse Ti-U fluorescent microscope. The degree of inflammation was assessed by a pathologist and was graded on a scale of 0 to 3; 0 was assigned to normal renal interstitium, 1 for a few scattered infiltration of inflammatory cells in renal interstitium, 2 for mild diffuse infiltration of inflammatory cells in renal interstitium, and 3 for marked diffuse infiltration of inflammatory cells in renal interstitium. The level of MCP-1 in the kidney was determined by ELISA kit (eBioscience, San Diego).
Reactive Oxygen Species Determination in the Kidney-ROS levels in kidney cryosections were determined by 10 M DHE (Sigma) fluorescence microtopography as in the method described previously (56) . Sections were imaged under a Nikon Eclipse Ti-U fluorescent microscope with a high resolution digital camera. Quantitative analysis was performed in a blinded manner with the Image-Pro Plus version 6.0.
Immunohistochemical Analysis-Kidney tissues were fixed in neutral buffered formalin and embedded in paraffin. The deparaffinized and rehydrated sections were boiled in sodium citrate buffer, pH 6. The sections were stained with the primary antibody against nitrotyrosine (Santa Cruz Biotechnology), Ly6G, ␣-SMA, and collagen I (Abcam, Cambridge, UK). The peroxidase-conjugated secondary antibodies were then applied and developed with 3,3Ј-diaminobenzidine for immunoperoxidase staining. Sections were imaged under a Nikon Eclipse Ti-U fluorescent microscope with a high resolution digital camera. Quantitative analysis was performed in a blinded manner with the Image-Pro Plus version 6.0.
Cell Cultures, Reactive Oxygen Species Detection, Luciferase Assays, Gene Silencing-HUVECs were purchased as cryopreserved aliquot in passage 2 from Lifeline Cell Technologies (Frederick, MD). HUVECs (Յ passage 5) were maintained in VascuLife VEGF cell culture medium with 2% serum. For high glucose experiments, NG media were supplemented with glucose to a final concentration of 25 mM, or mannitol (Man) to a final concentration of 19.5 mM as an osmotic control for high glucose. After HUVECs grown in 6-well plates reached 80% confluence, the cells were maintained in serum-free VascuLife VEGF cell culture medium with 5.5 mM NG or 25 mM HG and treated with or without SAA, MET, or a combination (Sigma). After a 48-h incubation, the cells were lysed in M-PER mammalian protein extraction reagent (Thermo Fisher) for Western blotting analysis.
HK-2 (ATCC, CRL-2190) cells were maintained in Dulbecco's modified Eagle's medium (DMEM), Ham's F-12 media (1:1, Gibco BRL) with 10% FBS. For experiments, HK-2 cells were first cultured through two passages in NG (1 g/liter, 5.5 mM) DMEM (Gibco). For high glucose conditions, treatment was similar with that in HG-exposed HUVECs described previously. For analysis of protein expressions, cells grown in 6-well plates were maintained in serum-free DMEM containing NG or HG and treated with SAA, MET, or a combination for 12, 24, or 48 h.
The intracellular ROS level was determined according to the method described previously (57) . Briefly, HK-2 cells grown on glass coverslips were treated with NG, mannitol, HG, HG ϩ MET, HG ϩ SAA, or HG ϩ SAA ϩ MET for 48 h. The cells were then incubated with 10 M DHE or DCFH-DA for 30 min at 37°C. ROS formation was analyzed at 488/515 nm for DCFH-DA or 510/580 nm for DHE with a Nikon Eclipse Ti-U fluorescent microscope. The mean fluorescence intensity per cell was calculated using Image-Pro Plus version 6.0 with at least five random fields analyzed.
For Nrf2 nuclear translocation analysis, HK-2 cells were grown in 6-well plates for 4 h in the presence of SAA. The nuclear and cytosolic extracts were prepared using NE-PER nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific, Waltham, MA).
For Nrf2 binding activity assay, HK-2 cells grown in a white 96-well plate (Corning Costar, Corning, NY) were co-transfected with pGL4.37(luc2P/ARE/Hygro) containing four copies of the ARE enhancer sequences (5Ј-TAGCTTGGAAATGA-CATTGCTAATGGTGACAAAGCAACTTT-3Ј) (Promega, Mullion, WI) with firefly luciferase and pRL-SV40 vector with Renilla luciferase in a 10:1 mass ratio. After treatment of SAA for 24 h, firefly luminescence and Renilla luminescence were measured using the Dual-Glo luciferase assay system (Promega, Madison, WI).
For the assay of gene silencing, siRNAs specifically targeting human Nrf2 and negative scrambled (SCR) siRNA (Santa Cruz Biotechnology) were used. HK-2 cells grown in 6-well cell plates were transfected with Nrf2 siRNA or SCR siRNA using siRNA transfection medium and reagent (Santa Cruz Biotechnology) according to the manufacturer's instructions. After incubation at 37°C for 6 h, the transfection solution was aspirated and replaced by DMEM containing NG. After an additional 18-h incubation, cells were maintained in serum-free DMEM with NG, HG, and HG ϩ SAA for 48 h. Cells were then used to assess DCFH-DA fluorescence intensity or collected for Western blotting analysis.
Western Blotting Analysis-The kidney cortex was frozen and homogenized in ice-cold RIPA buffer containing proteases and phosphatase inhibitors. Kidney and cell lysates were subjected to SDS-PAGE and then transferred onto PVDF membrane (Millipore, Billerica, MA). After blocking, immunoblotting was incubated with the following primary antibodies: polyclonal rabbit ␤-actin (Sigma) as a control for loading and transfer; polyclonal goat NADPH oxidase-4 (NOX-4) (Santa Cruz Biotechnology); polyclonal rabbit HO-1, polyclonal GPx-1, and NQO-1 (Santa Cruz Biotechnology); polyclonal rabbit ␣-SMA antibody (Abcam); monoclonal rabbit AMPK␣ antibody, monoclonal rabbit phospho-AMPK␣ (Thr172) antibody, polyclonal rabbit VCAM-1 antibody, and polyclonal rabbit NF-B p65 antibody (Cell Signaling Technology, Beverly, MA). Finally, HRP-conjugated secondary antibodies were applied, and the signals were detected using an enhanced chemiluminescence kit (GE Healthcare).
Statistical Analyses-Data were expressed as means Ϯ S.E. or S.D. and analyzed by one-way analysis of variance with Newman-Keuls post hoc testing. Statistical analyses were performed using GraphPad Prism version 6.0 (GraphPad, La Jolla, CA). p Ͻ 0.05 was considered statistically significant.
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